Circular dichroism of magneto-phonon resonance in doped graphene 
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Polarization resolved, Raman scattering response due to E2 9 phonon in monolayer graphene has 
been investigated in magnetic fields up to 29 T. The hybridization of the E2 9 phonon with only the 
fundamental inter Landau level excitation (involving the n=0 Landau level) is observed and only 
in one of the two configurations of the circularly crossed polarized excitation and scattered light. 
This polarization anisotropy of the magneto-phonon resonance is shown to be inherent to relatively 
strongly doped graphene samples, with carrier concentration typical for graphene deposited on SiC>2. 

PACS numbers: 73.22.Lp, 63.20.Kd, 78.30.Na, 78.67.-n 
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The effective coupling of optical phonons (E 2g ) to elec- 
tronic excitations in graphene yields a particularly re- 
markable, resonant, magneto-phonon effect if the Ra- 
man scattering response of the E 2g phonon (so called G- 
band) is investigated as a function of the magnetic field 
B applied across the layer. In this case, two-dimensional 
(2D) energy bands of graphene condense into discrete 
Landau levels L± n with energies E± n = ±vp^/ < 2eTiBn 
(n = 0,1,2,...). Then, the E 2g phonon hybridizes 
with the selected L_ 



n— 1 ( — n) 



L„ ( n +i) inter Landau 



level (LL) excitations^. As a consequence, a series of 
avoided crossing events (in clean systems) and/or am- 
ple magneto-oscillations in the phonon response (in more 
disordered systems) can be seen in Raman scattering ex- 
periments 3 -—. So far, only quasi-neutral graphene struc- 
tures: epitaxial graphene 3 - and "electronically decoupled" 
graphene on a graphite surface 4 - - — , have shown a clear 
magneto-phonon resonant effect. The amplitude of this 
effect depends on the electron-phonon coupling constant 
A and the oscillator strength of the inter LL transition 
involved, which includes matrix elements and occupa- 
tion factors of the initial and final state Landau levels. 
For neutral graphene, where the Fermi level is pinned 
to the Lo level, all inter-LL excitations are active. In- 
deed this system shows a rich series of avoided cross- 
ings events each time the L_„_x (_„) — > L n (n+x) transi- 
tion approaches the E 2g mode. Interesting to examine is 
doped graphene, i.e., the case where the Fermi energy is 
far away from the neutrality point (Lq level) and a part 



of the L_„_! 



(-«) 



(n+l) 



transitions become inac- 



tive due to Pauli blocking. The latter implies the sup- 
pression of their hybridization with the optical phonon. 
Polarization resolved Raman scattering experiments are 
expected to be crucial for tracking the magneto-phonon 
resonance in doped graphene^. Indeed, the two, degener- 
ate in energy L_„ — > L„ +1 and L_ n _i — > L„ transitions 
have identical oscillator strength in neutral graphene but 
not necessarily so if the Fermi energy is pushed away from 
the neutrality point. L_„ — > L„ + i and L_ n _i — > L n ex- 



citations carry either m 2 =+l or -1 angular momentum. 
Their possible difference in hybridization strength with 
the E 2ff phonon should be detectable with the circular 
polarization of the incident and scattered photons 2 .. 

Here, we report on the progress in searching for a 
magneto-phonon resonance in monolayer graphene on 
Si0 2 . We employed the high- field magneto- Raman scat- 
tering methods and applied polarization resolved mea- 
surements to investigate the graphene's G-band in two 
relevant, a + jo~ and o~ /a + configurations of circularly 
polarized excitation/scattered light. The E 2g phonon 
shows a pronounced hybridization only with the funda- 
mental inter LL transition (involving the Lo-levcl) at a 
resonant field Bft;28T and, distinctly, only in the case 
of one of the two polarization configurations. This be- 
havior is shown to be characteristic for a graphene with 
carrier concentration ~ 2 • 10 12 cm~ 2 , typical doping for 
untreated samples of graphene on Si/Si0 2 . Such a rela- 
tively strong, either n- or p-type, doping implies that all 
interband transitions involving LLs with indexes n > 1 
are blocked due to the occupation factor. Nevertheless 
at high magnetic field, at B ~ 28 T, the LL filling factor 
is 2 < v < 6, and either L — > Li (electron doping) or 
L_i — s- L (hole doping), but not both of them, become 
active. This explains our observation of the pronounced 
"circular dichroism" in the magneto-phonon resonance of 
doped graphene. 

The magneto- Raman scattering experiments have been 
carried out in back-scattering Faraday geometry using 
a homemade set-up - see Refja for details of technical 
arrangements. The 488nm line of an Ar + ion laser has 
been used as the excitation source^. The laser light (with 
power 1 mW) has been focused on the sample, down 
to a spot of ~ 1/mi in diameter. The sample has been 
mounted on the XYZ piezo-stage. The measurements, in 
two distinct, a + /o~ and o~ /o + configurations for the 
circular polarisation of the incident/collected light were 
realized by inverting the direction of the magnetic field, 
while keeping fixed the orientation of all optical elements 
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Figure 1: Typical spectra of Raman scattering - E2 9 band 
(1591 cm' 1 ) and 2D band (2706 cm' 1 ) obtained with 488nm 
excitation. The inset shows the optical image of the sample. 



(e.g., polarizers). Experiments have been carried out at 
liquid helium temperatures (T=4.2K) and in magnetic 
fields up to 29T (supplied by a resistive magnet). 

The studied graphene sample was exfoliated from nat- 
ural graphite and deposited on top of a Si/SiC>2 wafer 
(oxide thickness of 300 nm) . Its optical microscope image 
is shown in the inset of Fig.l. Micron-size ruby crystals 
(giving rise to a strong luminescence signal at 720nm) 
have been deposited in the vicinity of the graphene flake 
in order to facilitate the localization of the sample with 
respect to the laser spot. Raman scattering spectra mea- 
sured in the absence of the magnetic field (T=4.2 K) con- 
firm the monolayer character of the graphene structure 
investigated^ (see Fig.l). The so-called 2D band, cen- 
tered at 2700 cm" 1 , fairly represents a single Lorentzian 
line with the characteristic Full Width at Half Maximum, 
FWHM = 25 cm" 1 . The G-band shows the charac- 
teristic width of FWHM = 7 cm" 1 and is centered at 
1591 cm" 1 . Both its small width and energy position 
point towards a considerable (electron or hole) doping of 
the investigated graphene sampl o 1 ^ 11 . 

Our experimental findings are presented in Fig. [21 This 
figure illustrates the evolution with the magnetic field of 
the measured magneto-Raman spectra of the E2 9 phonon 
in two, distinct, er"/er + and a + / ' a" configurations of cir- 
cularly polarized excitation/scattered light. The promi- 
nent feature seen in this figure is a pronounced circular 
magneto-dichroism of the Raman scattering spectra of 
the investigated G-band. This band is practically unaf- 
fected by the magnetic field when probed in one, cj + /(T", 
of the two crossed circular polarization configurations. 
Focusing more on the results obtained in this configura- 
tion we find that the FWHM of the G-band does not in- 
deed change with the magnetic field up to the highest val- 
ues explored, of 29 T. The central position of the G-band 



shows, however, some downward in energy (red) shift, 
though it is pretty small: it reaches ~ 2cm _1 at B=29 T, 
the shift remains smaller than the linewidth. The evolu- 
tion of the G-band with the magnetic field is clearly much 
richer in the opposite a~ / a + configuration. In this case, 
a pronounced blue shift of the spectral weight of the G- 
band, associated with noticeable spectral broadening, is 
seen in the spectra in field up to 24 T. The shift reaches 
20 cm -1 and the spectrum extends over 50 cm" 1 . At 
B ~ 25 T, the G-band practically disappears from the 
spectra, likely being smeared over a very broad energy 
range. At still higher fields, the G-band reappears in the 
spectra as a broad line but this time on the low energy 
side of its original position (at B=0). This characteristic 
evolution of the cj"/(t + component of the G-band points 
towards its effective hybridization (avoided crossing) with 
one of the L_i — > Lo or Lo — > Lj transitions. At the 
same time, none of those two excitations couple with the 
(t + /ct" component of the G-band. We therefore suspect 
that we deal with a strongly doped graphene, such that at 
high fields around B=25 T, the Landau level filling factor 
is 2 <| v |< 6. Then, in case of electron doping (v > 0) 
the Lo Landau level is fully populated with electrons but 
Li is partially empty and Lo — >■ Li transition is active but 
L_i — » L is Pauli blocked. In case of hole doping(^ < 0) 
the Lq level is completely empty but electrons occupy the 
i_i level and then the L_i — > Lo transition is active but 
not Lo — > Li. In consequence the E2 9 phonon can cou- 
ple with only one of possible (fundamental) transitions 
involving the Lq level, what roughly explains the strong 
circular dichroism observed in our magneto- Raman scat- 
tering data. To the best of our efforts (in determination 
the helicities of the excited and scattered light in the ex- 
periment with respect to the predicted polarization selec- 
tion rules^ 1 ^ we deduce that in the er"/er + configuration 
the E2 g phonon couples with L_i — » Lo transition and 
assume in the following that our graphene is hole doped. 
It is worth noticing that already a crude data inspection 
points at the value of B ~ 25T for the observed resonant 
field, i.e., when E2 g = E±. This is somewhat lower as 
compared to previous observations (at B ~ 28 T in case 
of quasi neutral epitaxial graphen o 13 ' 14 and graphene on 
graphite 4 ^ and indicates a slightly higher Fermi veloc- 
ity ( ~ 1.1 x 10 6 m/s instead of ~ 1.0 x 10 6 m/s) in the 
present case of graphene flake on Si/SiO?^- Optionally, 
we speculate that different " effective" Fermi velocities in 
different samples might be also accounted by different de- 
gree of disorder but a discussion of those effects is beyond 
the scope of this paper and will be presented elsewhere. 

With the aim to better support our data interpre- 
tation, we illustrate in Fig. 3 the three representative 
regimes (with respect to carrier concentration) of the 
magneto-phonon resonance in graphene. Hole doping is 
assumed, however, the results hold for n-type graphene 
as well but with the inverted polarization configurations. 
Following the concepts developed in Refs we refer to 
the phonon Green function : 
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Figure 2: (Color online) Typical Raman scattering spectra of 
the G band feature in the two crossed circular polarization 
configurations (dashed line corresponds to a + /a~) at various 
values of the magnetic field. Spectra are shifted for clarity. 
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which defines the actual phonon energy e = Re(e) (and 
broadening Jm(e)), and in which eo is the phonon en- 
ergy of the neutral system at B = 0. 5 accounts for 
the broadening characteristic for electronic transitions. 
T fc = (Vk + Vk + l)Ex, (k = 0, 1, 2, ...), stands for ener- 
gies of inter-Landau level excitations which possibly cou- 
ple to the phonon. which varies from to 1, is de- 
fined as the filling factor of the single Landau level and 
accounts for the occupancy of the initial and final states 
involved in a given L_ n _i (_„) — > L„ ( n +i) excitation. 

In the following, we consider only the phonon energy 
e, and assume the same broadening of electronic states of 
5 = 90cm _1 as on ref. which partially smear the effect 
of mode hybridization (jumps in energy rather then clear 
anticrossings) . 

The phonon energy in two different crossed polarisa- 
tion configurations is calculated by two separate solutions 
of the Eq.l : once taking into account only A|n| = +1 
inter Landau transitions (L_ n — > L„ + i), the second time 
considering only A|n| = —1 excitations (L_ n _i — > L n ). 

Varying the carrier concentration, one may distinguish 
three distinct regimes for the magneto-phonon resonance 
in graphene. The first one appears at relatively low 
doping, when E^ g > 2Epg (Epq stands for the Fermi 
energy at zero magnetic field). Then, practically all 
L_ n _i (_„) — > L„ (n+i) transitions are active and effec- 
tively hybridize with the phonon (see two upper pan- 
els of Fig. 3). In this case the nonvanishing carrier con- 
centration results in a rather small asymmetry in the 



Figure 3: (Color online) Three regimes of the hole gas con- 
centration and its impact on the magneto-phonon effect. Left 
panels represent fan charts of the Landau levels with marked 
excitations being in resonance with E2 S phonon (panels a and 
b). The solid arrows represent excitations in a~ /a + polariza- 
tion, dashed a + /a~ polarization. The thick line shows the 
Fermi level. Arrows on panel c represent non resonant exci- 
tations (inter- and intra-band). Right panels show the evo- 
lution of the phonon energy versus magnetic field, with the 
same representation of polarizations by solid/ dashed lines. 



two distinct polarization configurations, the details of 
the asymmetry being determined by the actual evolution 
of the Fermi energy with the magnetic field. The sec- 
ond regime is illustrated in two middle panels of Fig. 3. 
It reflects the situation when Epo/\/2 exceeds F,2 g and 
that all L_„_ 1 / n \ — > L n r n +i) transitions with n > 1 
are Pauli blocked at magnetic fields of their resonances 
with the phonon. At the same time, the carrier concen- 
tration can be low enough that at the field value when 
Ei = E2 g , the Fermi energy is pinned to the L_i level 
(2Epo < V6E2 g ) and therefore the (L_i — > Ln) transition 
is active and it resonantly hybridizes with the phonon. 
Notably this is the only resonant hybridization event, in- 
volving inter-band excitation, possible in this case which 
likely corresponds to the present experimental results. 

Worth to examine is also the regime of very high elec- 
tron concentration, when (2Epo > %/6i?2g) and none of 
L_„_i (_„) — > L n ( n +i) transitions can resonantly hy- 
bridize with the E2 9 phonon. Physics is subtle in this 
case, but non resonant effects still persist and, interest- 
ingly, they may influence the phonon energy, and differ- 
ently in two polarisation configurations. We discuss them 
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here with respect to an attempt to account for the small 
red shift of the phonon energy with the magnetic field, 
which we observe in the (inactive) a + /cj~ polarisation 
configuration. 

First, we note that the non resonant renormalization of 
the phonon energy which results from interactions with 
all high energy A|n| = +1 inter Landau level transi- 
tions is not the same as the renormalization resulting 
from the interaction with all A|n| = —1 excitations. 
To see this, imagine that the Fermi level is located low 
in the band, in between and level. Then, 

there is clearly one more active transition (L_; — > L;_i) 
in the series of L_ n — > L„_i transitions as compared 
to the series of L_„ — > L„ + i (L_; + i — > L/ is blocked). 
Due to this effect, the approximately estimated splitting 
of the phonon (in two different polarization configura- 
tion) is e_ — e + = XEcr where Eqr — vpeB / yjim e i = 
Ef/(2Ep ). Secondly, we have so far neglected a possible 
coupling of the phonon with the (low energy) cyclotron 
resonance like mode which occurs between neighboring 
Landau levels in the vicinity of the Fermi level. Notably, 
this mode, present only in one polarisation, may also 
couple to the phonon-, leading to the estimated approxi- 
mate blue shift of the phonon energy of about \ 2v % n Z-S =, 
in the range of magnetic fields considered. Interestingly, 
an additional resonant hybridization event implying the 
this cyclotron resonance mode^S may be characteristic of 
strongly doped graphene but at fields much above the 
range explored in this experiments: B = E2 g y/Trn e i/vpe 
when v = \J n e i /nhv p / E2 g S> 1. For example for car- 
rier density n e i = 10 13 cm -2 the resonance would oc- 
cur at B~110T. The results of numerical calculations of 
phonon energies in two polarization configurations for a 
graphene with high, n = 5 x 10 em , concentration are 
shown in the lowest panel of Fig. 3. The non resonant 
effects are overall weak but even the expected trends are 
against the experimental observation of the small (but 
visible) red shift of the phonon observed in (inactive) 
a + / a~ configuration. This observation remain a puzzle 
and requires more elaborated theoretical models, perhaps 
including the effects of possible electron hole asymmetry 
of the graphene bands and or invoking different coupling 
mechanism with the cyclotron resonance mode. 

The above analysis was done in the ideal case of a well 
defined (and uniform) carrier density and for a graphene 
system with no other scattering than the electronic scat- 
tering introduced through the parameter 5 in Eq. [1] De- 
spite the fact that real graphene samples are not model 
systems, certain features of our experimental data can 
be directly related to the results derived in the preceding 
section. The spectra presented in Fig. [5] show no evo- 
lution of the phonon feature in one polarization config- 
uration and a clear anti-crossing behavior at B = 25T 
in the other polarization. This observation indicates 
that Ep > ^/2E 2g /2 {n e i = 1.2 x 10 12 cm" 2 ) and 
E F0 < VGE 2g /2 (n el = 3.5 x 10 12 cm" 2 ). We are hence 
investigating the second density regime, for which a single 
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Figure 4: Simulation of the Raman spectra versus magnetic 
field in two crossed circular polarization configurations for 
different values of the magnetic field. 



inter-band electronic excitation, the — 1 — > excitation, 
is active when tuned in resonance to the phonon energy, 
and is responsible for the observed anti-crossing. 

The qualitative attempt to describe the shape of the 
spectra is presented on Fig. |U These spectra were 
obtained by calculating the phonon spectral function 
— ImD(q, uj) following Ref. [l|. We have set the parameter 
A to 4.5 x 10~ 3 in line with the one derived from Ref. 
Each spectrum is convoluted with a Gaussian function 
with a full-width at half maximum of 6.6 cm -1 , in order 
to reproduce the experimentally observed FWHM of G- 
band at zero magnetic field. The parameter 5 = 90 cm -1 
and the carrier density n e i = 2 x 10 12 cm~ 2 were adjusted 
to reproduce best the experimental shift of the phonon 
feature just before the resonance. As mentioned before, 
the value of this energy shift also depends on A and as- 
suming a smaller value for this parameter would result 
in larger values for 5. 

With such values for the relevant parameters charac- 
terizing the system, the main experimental features are 
reproduced: the phonon feature is almost unchanged up 
to 29T in the a + /a~~ polarization, while in the a~ /a + po- 
larization, the pronounced blue shift above 15T together 
with the anti-crossing at B — 25T with the new broad 
line at lower energies are reproduced. The main differ- 
ences between simulation and the experiment are (i) the 
smooth development of the blue shift without any dis- 
tinguishable kink, and (ii) the asymmetric line-shape ob- 
served in the experiment close to the resonant magnetic 
field. These discrepancies result from the very simplified 
approach to introduce disorder. A more detailed analy- 
sis would require taking into account fluctuations of the 
local carrier density and a more complex broadening of 
Landau levels. Nevertheless we conclude that the exper- 
imentally observed blue-shift is related to the emerging 
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anti-crossing between phonon energy and — 1 — > exci- 
tation. 

To conclude, by using two different crossed circular 
polarization configurations, we have been able to investi- 
gate the coupling of the E2 9 phonon either to An=+1 
or An=-1 inter Landau level excitations. The strong 
anisotropy in the magneto-phonon effect observed in two 
distinct polarization configurations at high magnetic field 
is accounted by relatively high doping of the investigated 
graphene. The hybridization of the E 2ff phonon is effec- 
tive with the -1— >0 transition whereas Pauli blocking of 
the 0— >-l transition quenches the phonon coupling with 
this latter electronic excitations. More investigations, in 
particular on gated graphene structures are need to un- 



cover all subtleties of the magneto-phonon resonance in 
graphene. 
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